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IMPROVEMENT OF THE PROPERTIES OF Ti6Al17Nb TITANIUM ALLOY IN TERMS OF THE TYPE
OF SURFACE MODIFICATION

The paper presents the influence of ZrO, coating on Ti6A17Nb titanium alloy depending on the method of deposition. The
coatings were made by sol-gel method and atomic layer deposition (ALD). Wettability tests, pitting corrosion assessment and elec-
trochemical impedance spectroscopy (EIS) were carried out in the paper. Complementary macro- and microscopic observations,
roughness analysis by profilometric method and atomic force microscopy (AFM) were made. Based on the results obtained, it can be
concluded that the type of method of depositing the layer on the surface of the material has a significant influence on its properties
and that it should be taken into account during the process of the material improvement. Drawing on the findings presented, it can
be inferred that roughness has a significant impact upon the surface wetttability of the tested surfaces and their related corrosion
resistance. The obtainment of hydrophobic surfaces is for smaller rougidity values.
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1. Introduction

Constantly increasing estimated human life expectancy
leads to a dramatic increase in orthopaedic interventions due
to wear and tear of natural, sensitive biomechanical elements
of the skeletal system [2,12,18]. For this reason and in order to
continuously improve the properties of implanted materials in the
human body, new materials require special supplies. Speaking
of metallic biomedical materials and their application in trauma
surgery or orthopedics, it is impossible not to distinguish titanium
as the most widely used material in medicine to reconstruct lost
biomechanical functions [6-8,16].

Titanium in view of its specific properties, meet the biocom-
patibility criteria set for it in a way unattainable for other materi-
als. Among them, the following should be noted in particular all
high corrosion resistance in the tissue environment, low density
with appropriate mechanical properties, low tribological wear,
paramagnetic properties, low electrical and thermal conductivity
and inertness in the biological environment. Additionally, the
possibility of lowering the longitudinal modulus of elasticity
(Young’s module) is of great importance for implants that are
compatible with bone. Direct structural and functional connec-
tion between the ordered, live bone and the surface of the loaded

implant is so called osseointegration which is possible due to all
factors above [5,9-11,13-15,19].

In order to increase the applicability of titanium and its al-
loys, numerous surface modification methods are used. One of
them is the application of a thin layer of zirconium oxide. The
multitude of variants of the methods of coatings deposition on
the surface of materials raises the need to answer the question
which method is the most advantageous.

Reports in the literature suggest that the surface alteration
of titanium by sol-gel process deposition on their surface thin
oxide layers has a significant effect on the enhancement of this
material’s properties. The sol-gel process is typically used to
apply single-and multi-component and multi-layer coating. The
oxide layer deposited in this process is distinguished by a differ-
ent chemical composition and microstructure that exceeds the
value of 1 pm in thickness. In addition, one of the benefits of
the sol-gel process is the possibility of creating hydroxyapatite
directly on the accumulated surfaces due to the contact with
the physiological liquid. The surface of ZrO,, whose oxides
are present in three crystallographic variants, the most advanta-
geous of which is high temperature one, because of its better
mechanical properties, which are measured by high hardness,
good bending strength and elasticity in cracking. In addition,
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it has very good anticorrosive properties, which translates into
high biocompatibility [1,4,17].

The second method of deposition of coatings on the surface
of material, compared in this article, is the atomic layer deposi-
tion (ALD) method belonging to the family of Chemical vapour
deposition (CVD) techniques. The CVD is a process in which
films of materials are deposited on the surface of a substrate by
decomposition of chemicals from the vapor phase. The process
is most often thermally guided but also photo-and plasma-
assisted methods are used. Film deposition is controlled through
a chemical reaction. Hence the method is more versatile than
many of the traditional methods. Growth is under conditions
of nonequilibrium, and the nature of the chemical precursor
can be used in principle to control the deposited phase and its
morphology. Other benefits of the method include a potential
for both conformal and large-scale growth, and the possibility
of achieving very high levels of reproduction [3,20]. The aim of
this paper is to identify a more favorable variant of the method
of depositing on the properties of the coating.

2. Materials and methods

The investigated material was titanium alloy Ti-6A17Nb
(Forecreu S.A) in form of disc of diameter ¢ = 14 mm and
thickness d = 4 mm. The chemical composition of the tested
material met the requirements of the PN-EN ISO 5832-11 and
was presented in Table 1.

TABLE 1
Chemical composition of Ti6AI7ND alloy [22]
Elements, [%] Certificate ISO 5832-11
Al 5.70 6.00
Nb 6.70 7.00
Ta 0.44 >1.20
Fe 0.18 >(.20
(6] 0.16 >(0.18
C 0.04 >(0.05
N 0.02 >(0.04
H 0.007 >(0.008
Ti rest rest

The tested samples were subjected to mechanical treatment,
which consisted of two consecutive processes: mechanical grind-
ing, which was performed using abrasive SiC paper with the grain
density of 220, 800, 1200 and 2400 grain/mm? and mechanical
polishing, which was carried out with standard colloidal silica
suspension — OP-U 0.04 um. The mechanical finishing processes
were performed with the use of grinding-polishing machine
TERGAMIN - 30 by Struers. In the next steps the samples were
divided into two group depending of the type of the surface
modification method — first by sol-gel method, second by the
ALD method. The zirconia oxide layer ZrO, were deposited on
the surface of the samples.

The colloidal solution of zirconia oxide was prepared by
mixing zirconium isopropoxide Zr(OC3;H;), as a zirconia oxide

precursor with 2-propanol in the presence of acetyloacetone
CsHgO, as an inhibitor and yttrium nitrate Y(NO;); x 6H,0
as a yttrium precursor. The reaction substrates were infused in
serval stages (Fig. 1) and each time terminating with thorough
mixing of the solution. The mixing were performed with speed
of 300-600 rpm with the use of magnetic stirrer CAT EXM 6
(Germany). The sol-gel process was performed in the protective
atmosphere of nitrogen. At the final stage of the gel preparation,
the distilled water and 2-propanol were dosed to the solution using
the “drop by drop” method, until a homogeneous gel of modified
zirconium oxide 98% ZrO, +2% Y,0; was obtained (Fig. 1). The
obtained gel were deposited on tested samples by a single dip
coating process at a constant withdrawal speed. In the next stage
the samples with the oxide layer were subjected to the heat treat-
ment at Renfert Magme furnace. The samples were baked at an
initial temperature 7= 50°C for time # = 60 min and next the tem-
perature was increased to 7= 100°C and the samples were baked
for £ = 120 minute (the heating rate was equal to V= 5°C/min).

The surface of second samples group was modified by the
Atomic Layer Deposition ALD. A zirconia oxide layer was de-
posited on the tested samples using TFS — 200 — 190 reactor by
Beneq. TEMAZr (Tetrakis(ethylmethylamido) zirconium(IV))
was used as a precursor for zirconia. The process was carried
out in nitrogen atmosphere. Growth per cycle (GPC) for ZrO,
(at the ALD process temperature of 200°C) was approximately
0.092 nm/cycle.

Zr(OC,H,),+ C,H,0H

+ CH,0,

Sitring t=45 min
+Y(NO,), x H,O

Sitring t = 15 min

+H,0 + C,H,0H

98 % Zr0, + 2 % Y,0

Fig. 1. Sol-gel method steps

2.1. Macroscopic observation

Macroscopic measurements of the surfaces were carried
out using the stereomicroscope SteREO Discovery by ZEISS.
Macroscopic observations were carried out before and after
pitting corrosion test.



2.2. AFM analysis

In the next step, microscopic observation was performed
with the use of Atomic Force Microscopy to obtain additional
information on surface topography of the tested specimens.
The study was performed using a non-contact mode using the
Park System XE-100 microscope. The parameter describing the
roughness of the layer — the arithmetic average of the profile of
ordinates (R,) was measured over a scan area of 25 x 25 um.

2.3. Surface roughness analysis by profilometric
method

Measurements of surface roughness were carried out using
the touch method with a Surftronic 25 surface roughness tester
by Taylor Hobson (Poland). The size of the measurements was
0.8 mm and the accuracy of the measurements was + 0.1 mm.
Roughness parameter R, — arithmetic mean value of roughness
calculated the measurement results obtained. An average of five
measurements were given on each specimen.

2.4. Contact angle measurements
and Surface Free Energy Calculation

Measurements of the touch angle are carried out to assess
the physicochemical properties. The study was conducted using
atest stand, which included OGE's Surftronic Universal goniom-
eter (OEG Company, German) and a Surface 4.5 computer PC
for analysis of the reported fall image. Drops of the measured
liquids — distilled water (POCH S.A, Poland) and diiodomethane
(Merck, Poland) are mounted on the surface of the test samples,
each with a volume of 1.5 pl. The experiments were carried out
at room temperature 7= 23 °C and started 20 s after the sample
drops had been dispensed. The surface-free energy (SFE) values
for the Owens-Wendt method and their polar and dispersion
properties are given in Table 2.

TABLE 2

The values of SFE and their polar and apolar components
for measure liquids used in Owens — Wendt method [22,23]

Measure Liquids
Distilled water Diiodomethane
¥z, [mJ/m?] 72.80 50.80
y [mI/m?] 21.80 0.00
v, [mI/m?] 51.00 0.00

2.5. Potentiodynamic test

In the next step, the potentialodynamic tests were performed
by recording the anodic polarization curves to evaluate the re-
sistance to pitting corrosion. To this end, a VoltaLAB PGP201
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potentiostat, a device with VoltaMaster 4 software and an elec-
trochemical cell similar to the one used in the potentialodynami
experiment were included in the test stand. From the initial
potential £, = E,,, — 100 mV, the anodic polarization curves
were reported. The potential change was at a speed of 1 mV/s in
the direction of the anodic. Once the anodic current density has
reached /=1 mA/cm? or the potential has reached £ = 4000 mV,
the direction of polarization has changed and the return curves
have been registered. The values of the characteristic parameter
of the pitting corrosion resistance are calculated on the basis of
the reported curves: E.,,, [mV] corrosion potential, £,. [mV]
transpassivation potential, R, [k-cm?] polarization resistance.
The current density of corrosion was determined from the
icorr=0.026/R,, equation. Research was conducted at temperature
T=374+1°Cin 250 ml Ringer solution (pH =6.9 + 0.2). Table 3
shows the chemical composition of the used Ringer solution.

TABLE 3
Chemical compositions of the used Ringer solution
Compound Concentration, [g/1]
Sodium chloride 8.60
Potassium chloride 0.30
Calcium chloride dehydrate 0.33

2.6. Electrochemical Impedance Spectroscopy test

The study of Electrochemical Impedance Spectroscopy
(EIS) was performed to determine the physicochemical proper-
ties of the examined samples. The study was conducted using
the PGSTAT 302N (nLAB, POLAND) measuring system
of AutoLab fitted with the FRA2 unit Frequency Response
Analyzer and the three-electrode electrochemical cell: working
electrode (anode), test sample, auxiliary electrode, platinum
wire (PTP-201) and reference electrode — calomel electrode
(SECKP-113). The system allowed testing in the frequency range
of 10%-107 Hz and the voltage amplitude of sinusoidal signal
actuating was 10 mV. The impedance device spectra are calcu-
lated in the form of Nyquist diagrams and Bodes diagrams on the
basis of the taken sample. The measurement data obtained have
been adapted to the replacement setup using the method of the
smallest squares and the values of resistance R and capability C
have been calculated. The EIS test in the same conditions as the
potentiodynamic polarization test experiment was performed.

3. Results

3.1. Microscopic observation

The microscopes observation of the tested samples are
presented in Figure 2. The structures of the samples in initial
state and after surface modification, regardless of the type of
using method were homogenous. For the both samples group
with zirconia oxide layer ZrO, were characterized by defect
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Fig. 2. Results of macro- and microscopic observation a) Ti_is, b) Ti_sg, ¢) Ti_ald

Fig. 3. Results of microscopic observation of a) Ti_is, b) Ti_sg, ¢) Ti_ald, after pitting corrosion tests

free surface morphology — the deposited layers were uniform,
with no spalling and discoloration. The surface topography
of tested samples before and after pitting corrosion test were
similar (Fig. 3).

3.2. AFM analysis
The results of Atomic Force Microscopy in the form of 3D

maps of surface topography for all tested samples are presented
in Figure 4. Based on this it can be concluded that the type of

a) =

o Q

Fig. 4. Results of AFM observation a) Ti_is, b) Ti_sg, ¢) Ti_ald

surface treatment has significantly affected on the quality of
surface topography. The samples in the initial state Ti_is were
characterized by a larger surface development in comparison to
samples with the ZrO, layer (Fig. 4a). Deposited layer regard-
less of the modified method was very thin — in case of sol-gel
method thickness of the obtained layers were less than 130 nm
and in case of ALD method was an approximately 50 nm, there-
fore the layers reproduce the topography of the samples in the
initial state. However, the surface with zirconia oxide layer were
characterized by defect free structure.




3.3. Surface roughness analysis by profilometric method

Based on the obtained results it can by concluded that the
tested samples were characterized by different surface roughness.
The higher value of surface roughness parameter were obtained
for the samples in initial state Ti_is and the mean value was an
approximately R, = 0.40 = 0.10 um. Deposited zirconia oxide
layer leads to decrease surface roughness. The value of the
R, parameter for both samples group after surface modification
were similar and were in the range from 0.08 to 0.10 pm.

TABLE 4
Results of surface roughness measurements
No Name R,, [pm]
Ti_is 0.40+0.10
Ti_sg 0.10 +0.03
3 Ti_ald 0.08 = 0.01

3.4. Contact angle measurements
and Surface Free Energy Calculation

The obtained results of wetting angle measurements and
Surface Free Energy components are presented in Table 5 and
the examples diagrams of changed value of contact angle in
time and drops dripped on the surface of the tested samples are
showed in Figure 5. The results for the first samples group 1%
(Ti_is) points to hydrophilic character of the surface — the value
of the contact angle was less than 90° and was an approximately
6 =179.4 + 8°. The surface modification by sol-gel method and
ALD method effects in the changed chemical character of the
surface to hydrophobic. The higher value of wetting angle was
obtained for the 3™ samples group Ti_ald and the average value
was 6 =115+ 11°. Based on the obtained results in comparison
with the surface roughness measurements and literature data
[22-24] it can be concluded, that for the samples characterized by
the lower value of the R, parameter, the higher value of contact
angle can be obtained. The hydrophobic character of the surface
are more favorable phenomenon for the decreased bacterial ad-
hesion to the surface of the implants. The value of Surface Free
Energy for all tested samples were similar and were in the range
of approximately 32-34 mJ/m? and the higher value of apolar
components compared to the polar one. Based on this it can be

TABLE 5

Results of contact angle measurements and surafce
free energy calculation

Measure liquid, [°] S“rf“[elff /e:lf]:“ergy’
No | Name Distilled Diiodome- s s
water thane Ts Ya Tp
1 | Tiis 79.4+8 49.8+7 328 | 266 | 9.2
Ti sg | 104.6+11 454+9 315 | 198 | 6.2
3 |Tiald| 115+10 442 £ 10 339 | 172 | 43
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Fig. 5. Examples diagrams of changed value of contact angle in time
and drops dripped on the surface of the tested samples a) Ti_is, b) Ti_sg,
c)Ti ald

concluded, that all tested samples exhibit a greater affinity to
dispersive groups of SFE that to polar one.

3.5. Potentiodynamic testes

The results of the pitting corrosion test in the form of anodic
polarization curves for all tested samples are showed in Figure 6
and the values of characteristic parameters of pitting corrosion
resistance are presented in Table 6. For the samples in initial
state Ti_is and after surface modification by ALD method Ti_ald
the progress of the curves was typical for the samples with high
corrosion resistance — no hysterias loop were obtained. For both
samples group the existence of transpassivation potential has
been stated. The higher value of transpassivation potential were
obtained for the samples with ZrO, deposited by ALD method
Ti_ald and the mean value was E,.=+2500 + 102 mV. The value
of transpassivation potential in case of the samples after mechani-
cal treatment was lower and was equal to £,.=+1800 + 52 mV.
For the samples modified by sol-gel method the progress of
anodic curves presents full resistance to pitting corrosion and the
polarization potential extends up to the range of £ =+4000 mV.
The higher value of corrosion resistance were measured for the
samples with ZrO, layer deposited by ALD method and the aver-
age value was E,,,,. = 84 = 14 mV. The values obtained for the
other samples were similar and were in the range from — 182 mV
for Ti_isto 142 mV for Ti_sg. ZrO, coatings, regardless of sur-
face modification method leads to increased value of polarization
resistance R, and the mean value for the Ti_sg samples group
was 1.14 +0.15 Q/cm? and for Ti_ald 1.27 + 0.22 Q/cm?.
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Fig. 6. Results of pitting corrosion test
TABLE 6 tive or constants CPE of border combined with resistance transi-
Results of pitting corrosion test tions and resistance R characteristic for double layer: compact
N | N oV (V] X, (e internal and porous external, where:
o ame corry | [ y L4 cm . _ : . 3
1 Ti is 182 421 11800 £ 52 0.75 £ 0.20 ﬁ.s hlrfc‘es1stancej of Ringer solution (electrolyte) recorded at
2 | Tisg | 14218 — 1.14+0.15 1gh frequencies, _
3 Tlﬁald _84+ 14 +2500 + 102 1.27+0.22 ° Rpore — resistance of electrolyte n porous phase,

3.6. Electrochemical Impedance
Spectroscopy test

The results of EIS test in the form of impedance spectra
(Nyquist diagram and Bode diagram) for tested samples are
showed in Figure 7. Based on the equivalent electrical system
(Fig. 8) of corrosive systems: tested samples with different sur-
face condition — Ringer’s solution, the parameters of electrical
components of the replacement circuit were determined and are
presented in Table 7. It was found that for all tested samples, the
best fit of the model spectra was provided by equivalent circuits
composed of two parallel electric elements representing capaci-

* R, —resistance of deposited coating; electric charge transfer
resistance at boundary of phases: Ti6Al7Nb alloy — surface
layer — electrolyte,

*  CPE,,, — capacity of the porous surface,

*  CPE; — capacity of deposited coating.

The Nyquist diagram (Fig. 7b) for all tested samples pre-
sented fragments of semicircles, which is a characteristic for
the thin layer (deposited by the surface modification method or
spontaneous formed on the surface in effect contact with the oxy-
gen). The progress of the presented semi-circles were deformed
in different degree which can be associated with the near relation
between the components of the imaginary impedance Z" and the
real one Z'. The biggest radius of semicircle was obtained for
the samples with zirconia oxide layer deposited by ALD method
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6.00 “Hoon, ++++++'f_‘H‘H‘*+++ 'uﬁ RN -+ 70.00 i ¥ Ti_ts Th_sg Ti_ald
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Fig. 7. Results of EIS test
TABLE 7
Results of EIS test
Eopcr’ Rs Rpore’ CPElmre» [mV] Rcta CP Epore, [mV]
No. | Name | \uV] | [k@em?] | [kQem?] [ ¥, [kCem s n [kQem’| Y, [kQem™s™ n
1. Ti is —-152 37 350 0.7992E-5 0.8 2318 £420 0.5432E-5 0.8
. Ti sg —-152 39 523 0.7235E-6 0.8 4520 £ 352 0.6247E-6 0.9
3. Ti_ald —-152 38 592 0.7589E-6 0.9 6250 + 324 0.8793E-5 0.9
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Fig. 8. Equivalent electrical system

Ti_ald, which indicates to the best corrosion characteristic in
tested group. The maximum value of phase displacement at
abroad range of frequencies presented in Bode diagram (Fig. 7a)
for all tested samples group were similar and were in the range
of approximately ® = 70°-80°. Additionally, for the samples in
initial state Ti_is and both with ZrO, layer, the inclinations log|Z|
at the whole scope of frequency change are close to —1, which
indicates the capacitive character of porous layer. The higher
value of R, parameter were obtained for the Ti_ald samples
group and the mean value was R, = 6250 = 324 kQcm?.

4. Conclusion

The correct selection of physicochemical properties is an
important issue in the process of adjusting the functionality of
biomedical materials used in surgery, orthopedics and dentistry
and has a direct impact on the final quality of medical devices.
The most important of many physicochemical properties deter-
mining the usefulness of a material is its corrosion resistance,
wettability and roughness, which are closely related to physical
phenomena occurring on its surface.

On the basis of the research results obtained, it was found
that [4,22,23]:

1. The type of surface modification method affects the phys-
icochemical properties, including corrosion resistance of
the tested material. The samples from ZrO, layers applied
with the atomic layer deposition (ALD) method are char-
acterized by an optimal set of properties on the implants in
comparison to sol-gel method.

2. Moreover the lower values of roughness parameters influ-
ence the change of chemical character of the samples to
hydrophobic, and better corrosion resistance were obtained
for this method.

3. Reduced development of surface topography is conducive
to the reduction of bacterial adhesion by reducing the space
in which they could be located.

To sum up, the application of ALD method improves anti-
corrosion properties. Reduction of surface roughness contributes
to slower solution due to corrosive processes. Smooth surface
does not generate conditions conducive to aggressive influence
of electrolyte (Ringer’s solution).
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